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High-resolution X-ray emission and absorption study
of the B 2p valence band electronic structure of MgB,
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Abstract. — The occupied and unoccupied valence band states of MgB2 have been studied us-
ing high-resolution soft X-ray emission and soft X-ray absorption spectroscopies. In particular,
the B 2p partial density of states was measured near the Fermi level. The states at the Fermi
edge are identified by comparison to calculation as being of B 2p,, origin. Resonant inelastic
X-ray scattering indicates the existence of low-energy excitations at the B 1s-edge absorption
threshold.

The discovery of superconductivity in MgBy with a critical temperature of T, = 39 K has
prompted extensive experimental and theoretical studies of this material [1]. Much of this
interest is motivated by the realization that the measured superconducting transition tem-
perature is close to the suggested theoretical limit for electron-phonon—mediated supercon-
ductivity [2]. Studies of the boron isotope effect [3] show behavior consistent with a phonon-
mediated Bardeen-Cooper-Schrieffer (BCS) superconducting mechanism [4]. Inelastic neutron
scattering measurements of the phonon density of states in Mg''By have resulted in further
confirmation that a conventional phonon mechanism can explain the observed superconductiv-
ity with a moderately strong electron-phonon coupling [5]. Tunneling results indicate s-wave
superconductivity [6-8]. Numerous electronic structure calculations for MgBs have been per-
formed using extensions to the local density (LDA) approximation formalism [9-15]. The
electronic structure of MgBs is predicted to show many similarities to graphite, in particular
the formation of strong ¢ bonds by the planar sp? electrons and the location of the remaining
valence electrons in non-bonding (p.) 7 states. These band-structure calculations are all in
general agreement with each other and show the B 2p,, bands intersecting the Fermi level,

© EDP Sciences



C. McGUINNESS et al.: HIGH-RESOLUTION X-RAY EMISSION OF MgBy 113

Er. One calculation employing the linearized augmented plane-wave (LAPW) method has
emphasized how the attractive potential of the Mg?* between the By layers results ina o — 7
charge transfer via lowering of the 7 bands which drives the hole doping of the o bands [12].
This hole doping, or hole pocket in the o band, together with both the high density of states
at Fp, and the very strong deformation potential of the o bands from the bond stretching
modes, are thought to be some of the specific features of MgBs that help give rise to such
a remarkable T,.. Apart from the conventional BCS electron-phonon mechanism, an original
approach to superconductivity in MgB, has been put forward based upon a “hole-undressing
theory” [16-18].

Despite the high level of activity, spectroscopic studies of the bulk electronic structure of
MgB;, remain scarce. While angle-resolved photoemission spectroscopy is a powerful probe
of electronic structure in solids [19,20], it is very surface sensitive, and can be applied only
with difficulty to powder, pressed-pellet, or sintered samples, such as those presently available
for MgBs [21,22]. In contrast, since it is not surface sensitive, synchrotron radiation-excited
soft X-ray emission (SXE) spectroscopy is an ideal probe of the bulk electronic structure of
multi-elemental materials not available in large single-crystal form [23]. Since the emission is
governed by dipole selection rules, soft X-ray emission resulting from the creation of a core
hole yields the density of states of the valence band resolved into orbital angular momentum
components (i.e. the partial density of states (PDOS)) for that element. Complementary
information to SXE concerning the empty density of states is obtained through soft X-ray
absorption (SXA) spectroscopy [24].

We report here the results of a high-resolution SXE and SXA study of the valence band
electronic structure of MgB,;. We have used SXE to directly measure the B 2p valence band
PDOS, and have used SXA for equivalent measurements of the conduction band. Our results
are directly compared to calculations. We find good agreement with the calculations, and that
the boron states at Er are largely of B p,, origin. We performed a resonant inelastic X-ray
scattering experiment by exciting the SXE close to the B 1s absorption threshold, and have
observed low-energy electronic excitations. Our results are in broad agreement with contem-
poraneous synchrotron radiation-excited [25] and electron beam-excited SXE studies [26].

Two samples of MgBs were prepared and studied. The first was commercially available
MgB; powder obtained from Alfa-Aesar which was mechanically compressed into a pellet. The
surface of this sample was then prepared by scraping with a clean diamond file. The second
sample was prepared by heating elemental Mg and B in a Ta ampule to 950 °C for 2 hours [3].
High-resolution powder diffraction data indicated Mg and MgO incorporated in this sample.
The unit cell dimensions of the main phase MgBs (a = 3.08592(1) A and ¢ = 3.52119(3) A)
agree well with pure MgBy used in other experiments [13]. Resistivity measurements were
carried out on this sintered pellet and clearly show a sharp superconducting transition at
39 K. This sample was also scraped with a clean diamond file giving rise to a metallic-like
surface prior to loading of the sample into the ultra-high vacuum chamber in which the
measurements took place. Our SXE and SXA experiments were performed on undulator
beamline 7.0 of the Advanced Light Source, Lawrence Berkeley National Laboratory; this
beamline is equipped with a spherical grating monochromator [27]. Emission spectra were
recorded using a Nordgren-type grazing-incidence grating spectrometer with a total energy
resolution of ~0.3 eV [23]. The resolution of the emission spectra was determined from both
the nominal instrumental resolutions of the monochromator and spectrometer, respectively,
and as measured directly from the observed width of the elastically scattered photon beam.
Samples were mounted with their surface normal located in the horizontal scattering plane.
The incidence angle of the photon beam was about 25° from the sample surface, with the
emission spectrometer at 90° to the incident beam. Absorption spectra were recorded by
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Fig. 1 —a) SXE spectra taken with hvexc = 209.4 eV for the powdered MgBs, and Avexc = 215.89 eV for
the sintered sample. b) The calculated occupied B 2p PDOS, broadened to account for instrumental
resolution and core-hole lifetime. Also shown are the total B PDOS and its orbital subcomponents
the B 2s, 2p. and 2p;, PDOS. The zero in energy is Er.

Fig. 2 — a) SXA spectra taken from the powdered and sintered MgBs sample. b) Calculated unoc-
cupied B 2p PDOS broadened to account for instrumental resolution and core-hole lifetime. Also
shown are the total B PDOS and its orbital subcomponents the B 2s, 2p. and 2p,, PDOS. The zero
in energy is EF.

measuring the total fluorescence yield (TFY) with normal incidence of the incoming radiation.
The total energy resolution was approximately 0.2 eV. All experiments were performed with
the samples at room temperature. Vacuum pressures during the measurements were below
5 x 10~ Torr.

Figure 1a) presents the occupied B 2p PDOS from both the powdered and sintered MgBo
samples as measured using SXE to a B 1s hole. Figure 1b) presents a calculation of the
occupied PDOS. The calculated PDOS was computed within density functional theory using
the full-potential linearized augmented plane-wave method FLAPW [28-31]. Further details
of the basis set and lattice parameters used in these calculations can be found elsewhere [13].
Shown in fig. 1b) are the total B PDOS, and its sub-components due to the B 2s, 2p, and 2p,,
orbitals. Note in particular the PDOS of the B 2p,, orbitals at Er as the importance of these
states for the superconductivity of MgBsy has been pointed out by several authors [9,12]. Tt
is these states that participate in the sp? planar bonding similar to graphite, as noted earlier,
and their two-dimensional character has been highlighted by calculations of the electronic
structure under pressure [13]. For comparison with the experimental data the theoretical B
total 2p PDOS was first convoluted by a Fermi function and then by a Lorentzian (0.07 eV)
to simulate core-hole lifetime broadening and finally convoluted by a Gaussian (0.3 eV) to
simulate the instrumental broadening. The overall agreement between the measured and
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Fig. 3 — Comparison of measured B 2p occupied and unoccupied PDOS for the a) sintered MgB2
sample and b) the powdered MgBs sample.

calculated PDOS is quite good. However there are clear differences between the SXE spectra
from the powdered and sintered samples: most noticeably in the middle of the valence band,
about 4 eV below Eg, but also in the emission very close to Fr.

The difference between the powder and sintered samples is also evident in their respective
SXA spectra. Figure 2a) presents the SXA spectra recorded as the incident photon energy
was swept through the B 1s absorption edge. The energy scale of the X-ray absorption
spectra were calibrated by reference to the X-ray absorption spectrum of hexagonal-BN [32].
The SXA spectrum from the powdered sample clearly shows a sharp peak at the absorption
threshold of 186.2 eV, followed by a second peak at 191.4 eV and a third intense feature at
193.2 eV. The SXA spectrum from the sintered sample also shows a clear absorption threshold
at 186.2 eV, but as the photon energy increases, the absorption increases steadily to a broad
shoulder at 189.5 eV. The absorption features observed in the SXA from the powdered sample
at 191.4 eV and 193.2 eV are also visible in the spectrum from the sintered sample, although
the feature at 191.4 eV is much less well defined. Figure 2b) shows the calculated unoccupied
B 2p PDOS together with the total B PDOS and its orbital components. As with the B 2p
PDOS calculation for the occupied states in fig. 1b), the calculated PDOS was convoluted with
a Fermi function and then broadened to account for core-hole lifetime effects (0.07 V) and
instrument resolution (0.2 eV). The overall agreement between the experiment and calculation
is quite good for the compressed powder sample of MgBs, but less good for the sintered
sample. The features of the absorption spectrum will be discussed further below. Note that
the SXE and SXA spectra can be placed on the same energy scale through measurement of
the elastically scattered photons. Figure 3 shows the full occupied and unoccupied states as
measured for both the sintered (fig. 3a) and powdered (fig. 3b) samples.

The SXE spectra presented in fig. 1 were recorded with a photon excitation energy far
above the B 1s absorption threshold. Under such circumstances, the spectra accurately reflect
the elementally resolved PDOS. However, as the incident photon energy is varied through the
absorption features identified in the SXA spectra of fig. 2, changes in the structure of the
emission spectra are observed. Figure 4 presents a series of SXE spectra as a function of
excitation energy from the powdered sample, while fig. 5 presents the equivalent set of spectra
for the sintered sample. Elastic scattering is visible in both sets of spectra as the intense
feature dispersing with excitation energy.

By comparison to the calculated B 2p PDOS, the threshold peak in the SXA spectra
(fig. 2) can be identified as being due to transitions to empty B 2p,, states. The second
absorption feature seen at 191.4 ¢V is very similar in energy to that observed in h-BN [32]
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Fig. 4 — SXE spectra as a function of photon excitation energy for the powdered MgB, sample.

Fig. 5 — SXE spectra as a function of photon excitation energy for the sintered MgBs sample.

although it should be noted that there is a wide variation in the literature of the energy
given for this feature [32-35]. It can be seen that at this excitation energy, the magnitude
of the elastic peak in the emission spectrum (fig. 4) is considerably enhanced. In h-BN the
equivalent emission feature results from resonant fluorescence (spectator) emission from an
excitonic state which corresponds to a normally unoccupied 7* antibonding state present
when the boron in these systems is sp? bonded [35]. MgBs, is also sp?-bonded and thus also
exhibits a 7* resonance feature accounting for the dramatic increase in the elastically scattered
peak when on this resonance. The third prominent feature seen in the absorption spectrum
from both samples occurs at 193.2 eV (fig. 2). It is notable that at this excitation energy,
the emission spectra from both samples (figs. 4 and 5) show the elastically scattered peak
to have structure on the low-energy side, corresponding to inelastic losses due to electronic
excitations. Furthermore, the structure of the emission spectra is quite different than that
observed far above threshold, with new emission features appearing at 167 eV and at 181 eV.
These features are characteristic of boron oxide (B2O3) [36], and indicate some level of oxide
contamination present in both of the MgBs samples. A contemporaneous SXE study has
commented on the contribution of surface boron oxides and the possible degradation of MgB4
surfaces exposed to air for long periods [25]. Our measurements indicate that surface boron
oxides are more substantial in the sintered sample.

Soft X-ray emission measures the PDOS of the unperturbed system under the assump-
tion that correlation effects, such as final-state interactions, are negligible, and SXE spectra
depend little on the excitation energy if the core electron is excited to a delocalized state.
However, when SXE spectra are measured with the excitation energy very close to an absorp-
tion edge, strong changes in the emission structure with variation of the excitation energy can
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be observed. This may be interpreted as resonant inelastic X-ray scattering (RIXS), described
by the second-order Kramers-Heisenberg scattering formula. We have recorded RIXS spectra
from both MgBs samples, and have observed an energy loss from the elastically scattered peak
at approximately 0.5-0.8 eV. This inelastic loss overlaps in energy with the normal emission
from the B 2p PDOS. Typically the interpretation of such a feature in a transition metal oxide
system would be as a RIXS feature due to d-d excitations [37,38]. By analogy, it is reasonable
to interpret the losses in MgBsy as being due to p-p transitions. As seen in previous calcu-
lations, the energy separation of the two 2p,, ¢ bonding bands as they approach and cross
the Fermi surface is of the order of 0.5 eV which can be heightened by the large deformation
potential of the in-plane Ey,-boron stretching mode to as much as 1.5 eV [9,12].

In conclusion, the measured B 2p PDOS of MgB, agrees well with the results of calcu-
lated electronic structure, particularly in the case of the compressed powder pellet. While
exhibiting a superconducting transition as indicated by resistivity measurements, the SXE
and SXA spectra from the sintered polycrystalline MgB, sample do not agree so readily with
the theoretical results. This may be partly due to the presence of significant surface boron
oxides. The low-energy excitations, which appear as losses off the elastically scattered incident
photon energy that are observed at threshold, are proposed as being due to p-p excitations.
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